To assess the effects of long-term intensive management on soil carbon cycle and microbial functional diversity, we sampled soil in Chinese hickory (Carya cathayensis Sarg.) stands managed intensively for 5, 10, 15, and 20 years, and in reference Chinese hickory-broad-leaved mixed forest (NMF) stands. We analyzed soil total organic carbon (TOC), microbial biomass carbon (MBC), and water-soluble organic carbon (WSOC) contents, applied 13 C-nuclear magnetic resonance analysis for structural analysis, and determined microbial carbon source usage. TOC, MBC, and WSOC contents and the MBC to TOC ratios were lower in the intensively managed stands than in the NMF stands. The organic carbon pool in the stands managed intensively for twenty years was more stable, indicating that the easily degraded compounds had been decomposed. Diversity and evenness in carbon source usage by the microbial communities were lower in the stands managed intensively for 15 and 20 years. Based on carbon source usage, the longer the management time, the less similar the samples from the monospecific Chinese hickory stands were with the NMF samples, indicating that the microbial community compositions became more different with increased management time. The results call for changes in the management of the hickory stands to increase the soil carbon content and restore microbial diversity.
Introduction
Soil organic carbon is one of the main factors affecting the storage and supply of nutrients in soil, soil structure stability, soil water-holding capacity, and soil biological activity [1, 2] . It is also one of the main indicators for evaluating soil fertility and sustainable land use, as it is associated with different soil physico-chemical and biological processes [3] . The quality, quantity, and distribution of soil organic carbon reflects the spatial distribution of surface plant communities [4, 5] . Soil labile organic carbon is easily mineralized by microorganisms. Labile organic carbon plays an important role in maintaining fertility and reflecting changes in soil carbon storage, and it is more sensitive to changes in the microenvironment than other forms of organic carbon [6] [7] [8] . As the main players and regulators of soil nutrient cycles and biochemical processes, soil microbes are one of the most active
Materials and Methods

Research Area Overview
The study area in Shikan, Changhua, Lin'an, Zhejiang (30 • 03 02 N,119 • 08 54 E; Figure 1 ) has a typical subtropical monsoon climate with an average annual temperature of 16.4 • C, ranging from −13.3 • C to 41.7 • C. The annual precipitation is 1628 mm. The annual daylight hours and frost-free days are 1774 h and 235 d, respectively. The soil is derived from slate and classified as Ferralsols in the Food and Agriculture Organization (FAO) soil classification system [30] . The studied stands were at an altitude of 200 to 260 m with slopes of about 20 • and southwest aspects [31] . The management of the stands included application of compound fertilizer (N:P 2 O 5 :K 2 O = 15:15:15) 600 kg ha −1 in May and early September each year [32] . 
Experimental Design
In April 2012, based on Forest Resources Inventory information and a field investigation [31] , experimental plots in monospecific Chinese hickory stands with 5 (CH5), 10 (CH10), 15 (CH15), and 20 (CH20) years of intensive management were selected from three watersheds of 42, 45, and 48 ha (Figure 1 ). Reference plots were in naturally Chinese hickory-broad-leaved mixed forest (NMF) stands adjacent to the monospecific Chinese hickory stands. The original NMF was logged in the 1980s, and since then no more logging has been carried out. The monospecific Chinese hickory stands were all derived from the natural Chinese hickory-broad-leaved mixed forests. The main tree species were Carya cathayensis Sarg, Schima superb Gardn. et Champ., Cyclobalanopsis glauca, and Castanopsis sclerophylla (Lindl.) Schott. in the original natural forest stands (Table 1 ). There were no shrubs and only a few herbs in the monospecific Chinese hickory stands, and the understory of the mixed forest stands included both shrubs and herbs. Altogether, 15 plots with an area of 1 ha were selected in the watersheds that served as blocks. The slope, gradient, and soil type of the plots in the same block were similar. The basic characteristics of the stands are shown in Table 1 . The NMF stands had significantly higher stand densities than that of the intensive managed Chinese hickory stands. The average height and canopy density of NMF stands were similar to those of the CH20 stands.
Soil samples (0-20 cm) were taken using a 10-cm diameter soil sampler from the corners (10 m away from the edge) and middle of each plot and thoroughly mixed to form a composite sample. The soil samples were preserved on ice for 3 hours before being shipped to the laboratory. Each soil sample was passed through a 2-mm nylon mesh. Half of the samples were directly used for microbial analyses. The remaining half of the samples were air-dried and directly used for physico-chemical properties analyses, such as pH, available phosphorus (P), potassium (K), and nitrogen. For total organic carbon determination, the soil was further sieved with a 0.149-mm nylon mesh [33] (Table 2 ). 
Soil samples (0-20 cm) were taken using a 10-cm diameter soil sampler from the corners (10 m away from the edge) and middle of each plot and thoroughly mixed to form a composite sample. The soil samples were preserved on ice for 3 hours before being shipped to the laboratory. Each soil sample was passed through a 2-mm nylon mesh. Half of the samples were directly used for microbial analyses. The remaining half of the samples were air-dried and directly used for physico-chemical properties analyses, such as pH, available phosphorus (P), potassium (K), and nitrogen. For total organic carbon determination, the soil was further sieved with a 0.149-mm nylon mesh [33] (Table 2) . 
Soil Analyses
The total organic carbon (TOC) content was measured using concentrated H 2 SO 4 and K 2 Cr 2 O 7 , and titrating with Fe(NH 4 ) 2 (SO 4 ) 2 ·6H 2 O solution [33, 34] . Water-soluble organic carbon (WSOC) content was extracted from 10 g of moist soil at 25 • C. After shaking for 0.5 h at 200 rpm, the samples were centrifuged for 10 min at 20,000 g. The supernatant was filtered through a 0.45-µm membrane [35] . The soil microbial biomass carbon (MBC) content was measured using chloroform fumigation-extraction method [36] .
For the 13 C-nuclear magnetic resonance (NMR) analysis, the soil samples were pre-treated with hydrofluoric acid [37] and analyzed using nuclear magnetic resonance spectrometry with a 7-mm cross-polarization magic-angle-spinning (CPMAS) detector (Bruker Biospin, Rheinstetten, Baden-Württemberg, Germany), spectral frequency of 75.5 MHz, MAS spinning frequency of 5000 Hz, contact time at 2 ms, and recycle delay time at 2.5 s.
The carbon source usage of soil microbes was analyzed using the Biolog Eco Assay (Biolog, Hayward, CA, USA). The plates were incubated at 25 • C, and color development in each well was recorded as optical density (OD) at 590 nm with a plate reader at regular 24-h intervals [38] . Soil microbial metabolic activity was expressed as the average well color development (AWCD). Shannon (H) and evenness (E) indices were calculated based on carbon source usage [39] .
Statistical Analyses
The data are presented as average ± standard deviation (SD) (n = 3). Statistical differences were tested using analysis of variance (ANOVA) for randomized block design and Duncan's multiple comparison test in SPSS version 19.0 (IBM, Armonk, NY, USA) [40] . When the ANOVA analysis indicated a significant difference, the Duncan's multiple comparison test was used to separate the means. An alpha level of 0.05 for significance was used in all statistical analyses, unless mentioned otherwise. Before performing the ANOVA analysis, the normality and homogeneity of raw data were tested, and data were log-transformed if the homogeneity of the variance was not met [41] [42] [43] .
Principal component analysis (PCA) was done using normalized data in the R software (version 3.3.3, Lucent Technologies, Reston, VA, USA). Finally, the Pearson correlation analysis was carried out using SPSS version 19.0. (BM, Armonk, NY, USA).
Results
Soil Organic Carbon Pool
The soil total organic carbon (TOC), microbial biomass carbon (MBC), and water-soluble organic carbon (WSOC) contents were all significantly lower in the intensively managed pure Chinese hickory stands than in the Chinese hickory-broad-leaved mixed forest (p < 0.05) ( Table 3 ). In the managed stands, lower C contents were associated with older stands, yet the difference was not statistically significant. Compared with the NMF stands, the MBC/TOC ratios were lower in the stands managed intensively for 10, 15, and 20 years (p < 0.05), and the WSOC/TOC ratios were lower in all managed stands (p < 0.05) ( Table 3) .
Soil Organic Carbon Structure
The 13 C NMR spectrum of organic carbon was divided into seven resonance regions, namely alkyl carbon (0~45 ppm), N-alkyl carbon (45-60 ppm), O-alkyl Carbon (60-90 ppm), acetal carbon (90-110 ppm), aromatic carbon (110-145 ppm), phenolic carbon (145-165 ppm), and carbonyl carbon (165-210 ppm). Compared with the NMF stands, the proportions of N-alkyl carbon in all pure Chinese hickory stands were lower, those of aromatic and phenolic C were higher in 20-year managed stands, and those of carbonyl C were higher in 10-year managed stands (p < 0.05) ( Table 4) . Compared with the NMF stands, the alkyl C to O-alkyl C ratio was higher in 10-, 15-, and 20-year managed stands, the hydrophilic to hydrophobic C ratio was higher in 15-and 20-year managed stands, and the aliphatic to aromatic C ratio was lower and the aromaticity percentage was higher in the 20-year managed stands (p < 0.05) ( Table 4) . 
Differences in Microbial Carbon Source Usage
At the first 24 hours of incubation, no clear differences in AWCD were found among different treatments ( Figure 2 ). As the incubation period increased, the AWCD values rapidly increased. At the incubation duration of 192 h, the average values were 1.358, 1.299, 1.132, 1.088, and 0.983 for NMF, Ch5, CH10, CH15, and CH20 stands, respectively. AWCD values of CH10, CH15, and CH20 stands were significantly lower than those of NMF and CH5 stands (p < 0.05).
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Effects of Intensive Management on Soil Organic Carbon Pool in Chinese Hickory Stands
To estimate the effects of intensive management and management time on soil quality in Chinese hickory stands, we analyzed soil organic carbon contents and microbial carbon source usage in intensively managed Chinese hickory stands and in reference Chinese hickory-broad-leaved mixed forest stands. In our study, the TOC, MBC, and WSOC contents and MBC to TOC ratio were significantly lower in the intensively managed pure Chinese hickory stands than in the Chinese hickory-broadleaved mixed forest stands. Similarly, a comparison of soil organic carbon (SOC) contents in Chinese hickory plantations in 1982 and 2008 indicated that the SOC contents were declining [44] [45] [46] [47] . In a Chinese fir chronosequence in southern China, even in 88-year-old plantations the topsoil microbial biomass carbon (MBC) content and MBC to total organic carbon (TOC) ratio were lower than in natural forest [48] . Presumably, the higher canopy density and the understory shrubs in the NMF result in more litter that can maintain and increase the organic carbon content. In addition, as noticed in Chinese fir plantations in southern China [48] , the SOC turnover time may be shorter in plantations. Since the lower canopy density results in higher soil temperature, which increases the decomposition rate of organic matter [17] , the decomposition rate of organic matter may be higher before canopy closure. Contrary to Caragana, Hippophae, and Prunus plantations in the temperate Loess Plateau of China, where the SOC contents were higher in older plantations [19] , in our study the C contents in the Chinese hickory stands remained similar, suggesting that the TOC contents could not be expected to increase under intensive management.
In the soil organic carbon, decomposition increases the relative abundance of alkyl C [49, 50] , which in turn increases the proportion of hydrophobic C [51, 52] . A high proportion of aliphatic C indicates simpler molecular structures that are more readily decomposed, whereas a high proportion of aromatic C contents indicates complicated structures that are more resistant to decomposition. Land use change from agriculture to aspen plantations was accompanied with a decrease in the proportion of labile C, but at the same time the SOC contents were at the same level and MBC content was higher in the 9-year-old plantations than in the 2-year-old plantations [44] . In our study, compared with the Chinese hickory-broad-leaved mixed forest stands, in the 20-year-old pure Chinese hickory stands the ratios of alkyl to O-alkyl C and hydrophobic to hydrophilic C, as well as the proportion of aromatic C, were higher, suggesting that the decomposition rate of labile organic carbon was exceeding the input rate and that the plantations could not be expected to undergo SOC buildup, possibly due to the intensive management, such as shrub and weed removal and the application of synthetic fertilizers, pesticides, and herbicides.
Effects of Intensive Management on Soil Microbial Functional Diversity
Differences in carbon source usage patterns indicate differences in the structure of soil microbial communities [53] . Even relatively short-term changes in the management of agricultural soil were detected as changes in carbon source usage [54] . In our study, the diversity in soil microbial carbon source usage was lower in monospecific Chinese hickory stands that were ten or more years old than in the Chinese hickory-broad-leaved mixed forest stands. The reasons for this difference may be the above-ground plant community composition that affects soil microbiome through, for example, litter deposition and root exudates [55] [56] [57] [58] , and the overall lower organic carbon content. Another possible explanation is the different structure of soil organic C in the stands managed intensively for the longest period of time; lower proportions of easily degradable compounds may have resulted in lower abundances of microbe functional groups that decompose these compounds. Contrary to results from rubber plantations in Malaysia, where the microbial diversities in plantations and rainforest were similar despite the different community compositions [24, 59] , in our study diversities were lower in managed stands than in the mixed forest. The diversities were lowest in the plantations managed intensively for fifteen and twenty years, possibly due to the application of herbicides in the Chinese hickory plantation management. The herbicides may have either directly or indirectly affected the soil microbial communities through the decreased amount of litter return due to the lack of shrub layer.
Conclusions
Soil total organic carbon (TOC) contents were lower in the intensively managed monospecific Chinese hickory stands than in the Chinese hickory-broad-leaved mixed forest stands. The results suggest that the TOC contents in the managed stands could not be expected to increase under intensive management. Structural analysis revealed that the proportion of stable C structures was higher in the 20-year managed stands than in the NMF stands, indicating that the decomposition rate of labile organic carbon was exceeding the input rate. The lower TOC contents in the managed stands were accompanied with lower diversity in carbon source usage by the soil microbial communities. The results call for a change in the management of the hickory stands to increase the soil carbon content and restore microbial diversity. 
